Effects of substitution of Pt by Cu on the structural and morphological changes of Fe-Pt nanoparticles with chemical homogeneity and mono-dispersion, which were synthesized by the reverse micelle method, have been investigated by in-situ electron diffraction and HREM observation. In the Fe-Pt particles, initially with a chemically disordered face-centered cubic phase (A1), the phase transformation from A1 to a chemically ordered face-centered tetragonal phase (L1 0 ) took place between 650 and 680 C. Polycrystalline Fe-Pt particles were reconstructed into A1 single crystals between 550 and 650 C, followed by phase transformation from A1 to L1 0 . The coalescence began almost concurrently with the phase transformation, i.e., between 650 and 680 C. Then, they turned to round-shaped single crystalline particles between 680 and 720 C. In the Fe(Pt,Cu) particles, the phase transformation from A1 to L1 0 occurred between 550 and 600 C. Same processes, that is, the reconstruction to single crystals, the phase transformation from A1 to L1 0 , the coalescence and the round-shaped particle formation were also observed in the Fe(Pt,Cu) nanoparticles. The temperatures, at which these processes took place, were substantially lower than those for the Fe-Pt nanoparticles.
Introduction
FePt and Fe(Pt,Cu) crystallize in two structures, i.e. a disordered fcc A1 and an ordered fct L1 0 . L1 0 -FePt and L1 0 -Fe(Pt,Cu) are expected to be excellent magnetic materials for high-density magnetic recording media because of their high magnetocrystalline anisotropy. 1, 2) The size and size distribution of particles are the most important parameters that determine the magnetic properties. In order to obtain a higher recording density, smaller particles are favorable. However, if the size is too small, the particles become super-paramagnetic: 3) There is a critical size, below which the particles are not ferromagnetic any longer.
So far, most of nanoparticles of L1 0 -FePt have been prepared by annealing continuous films manufactured by sputtering or evaporation. [4] [5] [6] [7] [8] [9] [10] Recently, Sun et al. prepared Fe-Pt nanoparticles with mono-dispersion of the diameter centered at 6 nm by reducing Fe(CO) 5 and Pt(acac) 2 in an organic solution at high temperatures. 11, 12) The as-prepared nanoparticles had disordered fcc A1, which was transformed to ordered L1 0 during annealing at temperature above a critical temperature.
Problem here is that if annealing was carried out at too high a temperature, coalescence of the individual particles took place, leading to a decrease in the density of magnetic recording. Thus, it is of vital importance to optimize the annealing temperature.
Furthermore, effects of Cu addition to Fe-Pt are not understood well. Takahashi et al. observed the reduced critical temperature, at which the transformation from A1 to L1 0 takes place, by Cu addition to Fe-Pt nanoparticles. 13) On the other hand, Harrell et al. did not observe such a decrease in the critical temperature. 14, 15) Unfortunately, in these studies, neither the size distribution nor chemical homogeneity of particles was reported explicitly. It is well known that the phase equilibrium in fine particles depends on the particle size. For instance, the melting temperature of fine particles decreases with decreasing particle size. [16] [17] [18] Therefore, it is not clear whether the difference in the critical temperature, at which the transformation from A1 to L1 0 takes place, between these two investigations [13] [14] [15] is to be attributed to the differences in size distribution and/or chemical homogeneity.
Recently using the reverse micelle method, some of the present authors succeeded in preparing not only Fe-Pt but also Fe-Pt-Cu particles with chemical homogeneity and mono-dispersion of the diameter centered at 6 nm. 19, 20) Thus, the object of this study is to elucidate effects of Cu addition on the structural and morphological changes that happen in Fe-Pt and Fe-Pt-Cu nanoparticles during annealing by in-situ experiments in TEM. In-situ electron diffraction as well as in-situ HREM observation was employed. Figure 1 shows a schematic diagram of the reverse micelle method. A decane solution of AOT and an aqueous solution of (NH 4 ) 3 Fe(C 2 O 4 ) 3 and K 2 PtCl 4 (for Fe-Pt-Cu preparation, (NH 4 ) 2 CuCl 4 was also added) were mixed together and agitated to form a reverse micelle. As shown in the enlarged figure, AOT molecules surrounded water droplets in oil phase. A reverse micelle of reducing agent NaBH 4 was also formed. When the two micelles were mixed together, Fe-Pt or Fe-Pt-Cu nanoparticles were synthesized by reduction. All the preparation processes were performed in N 2 gas atmosphere.
Experimental Procedures
2.3 Evaluation of the particle size and chemical composition The particle size was measured in a Hitachi HF-2200 field emission gun transmission electron microscope (FE-TEM) operated at an accelerating voltage of 200 kV. The chemical compositions of individual nanoparticles were analyzed with a NORAN VANTAGE energy dispersive X-ray spectrometer attached to the HF-2200.
For the bulk chemical analysis, the Fe-Pt or Fe-Pt-Cu nanoparticles were dissolved in a nitrohydrochloric acid and the contents of Fe, Pt and Cu were analyzed with a Shimadzu ICPS-1000IV inductively coupled plasma-optical emission spectrometer (ICP-OES).
In-situ heating experiment
The specimen-heating holder developed by Kamino and Saka 21) was used, the thermal stability of which was high enough for in-situ HREM observation of individual nanoparticles to be allowed at high temperatures. The samples were dispersed on a carbon film enveloping the wound heating element and heated either in a Hitachi HF-2000 or a HF-2200 FE-TEM, both of which were equipped with field emission guns and operated at an accelerating voltage of 200 kV. The temperature range investigated was 25-1000 C. At each temperature the electric current of the heater was kept constant for 20 minutes to ensure the thermal stability and equilibrium of the system. The temperature of the sample was estimated from the temperature versus current curve, which was obtained using an optical pyrometer outside a TEM beforehand and further calibrated by measuring the melting points of Al and Au thin films in a TEM. Figure 2 shows shapes and chemical compositions of the Fe-Pt nanoparticles. The average diameter of the particles was 6 nm with a very sharp size distribution. As is shown in Fig. 2(b) , Fe-Pt particles were polycrystalline. The average contents of Fe and Pt determined by FE-TEM/EDS were 46 AE 6 and 54 AE 6 at%, respectively. The bulk contents of Fe and Pt determined by ICP-OES were 47 and 53 at%, respectively. The Fe and Pt contents of individual particles were in good agreement with the bulk contents within an experimental error. Figure 3 shows shapes and chemical compositions of the Fe-Pt-Cu nanoparticles. Again, the average diameter of the particles was 6 nm with a very sharp size distribution. The average contents of Fe, Pt and Cu determined by FE-TEM/ EDS were 34 AE 6, 44 AE 6 and 22 AE 5 at%, respectively. The bulk contents of Fe, Pt and Cu determined by ICP-OES were 40, 37 and 23 at%, respectively. The Fe, Pt and Cu contents of individual particles were in good agreement with the bulk contents within an experimental error.
Results

Particle size and chemical composition
In-situ electron diffraction
Figure 4(a) shows a typical electron diffraction pattern taken on Fe-Pt nanoparticles at 25 C. The diffraction rings were indexed as {111}, {200}, {220} and {311} of A1. At 650 C ( Fig. 4(b) ), all the diffraction rings were indexed as {111}, {200}, {220} and {311} of A1. At 680 C (Fig. 4(c) ), the diffraction rings, which became spotty, were indexed as {001}, {110}, {111}, {002}, {201}, {112}, {202}, {113} and {222}. Among them, {001}, {110}, {201} and {112} are to be uniquely attributed to the ordered L1 0 structure. Thus, the phase transformation from A1 to L1 0 had taken place. At 1000 C ( Fig. 4(d) ), the diffraction spots observed were again indexed as {001}, {110}, {111}, {002}, {201}, {112}, {202}, {113} and {222}, among which {001}, {110}, {201} and {112} were characteristic of L1 0 . Thus, the phase transformation from A1 to L1 0 must have taken place between 650 and 680 C. Similar experiments (not shown here) carried out on Fe-PtCu revealed that the phase transformation from A1 to L1 0 occurred between 550 and 600 C and that the reverse phase transformation from L1 0 to A1 occurred between 720 and 1000 C. Figure 5 shows the vertical cross-section diagram passing through Fe-Pt and Fe-Pt-Cu investigated in the present study, together with data points obtained on bulk samples. 22, 23) Hereinafter, the temperature, at which the phase transforma- tion from A1 to ordered L1 0 takes place, is referred as T p . The temperature, at which the reconstruction from polycrystals to single or pseudo-single crystals takes place, is referred to as T s . The temperature at which the coalescence of particles takes place is referred as T c . T s and T c were determined from the in-situ HREM observation, which will be discussed later. Above 600 C, the phase equilibria of bulk samples and nanoparticles of Fe-Pt-Cu system are identical. However, at room temperature, both Fe-Pt and Fe-Pt-Cu particles used in the present study were disordered fcc A1 phase, while in the bulk phase diagram they were L1 0 . This can be rationalized by taking into account that the present particles were prepared by reduction at room temperature and that the asprepared particles were not in the equilibrium.
It is noted that T p is lowered by addition of Cu (dot-to-line in Fig. 5(c) ).
In-situ HREM observation
Figures 6 and 7 show series of HREM micrographs of individual particles of Fe-Pt and Fe-Pt-Cu taken at different temperatures, respectively. It was found that structural and morphological changes during heating were essentially same for Fe-Pt and Fe-Pt-Cu particles, apart from the temperature range in which the changes took place. The changes took place in four stages as described in the following. ) for Fe-Pt-Cu (1) The as-prepared particles had irregular shapes, the degree of irregularity differing from one particle to another. (2) The structure of all the particles, as revealed by lattice images, was A1 structure. (3) With regard to microstructure, or grain-structure, of individual particles three apparent types were evident: One is single crystalline (e.g. C in Fig. 6(a) and A in Fig. 7(a) ), the second is twinned (e.g. A in Fig. 6(a) ), and the third is polycrystalline (e.g. D in Fig. 6 (a) and C in Fig. 7(a) ). (4) The degree of irregularity in the outer shape of the apparent polycrystalline particles was larger than those of single crystalline and twinned particles. (Fig. 6(c) ), particles A and B coalesced into a cluster (A+B), and particles C and D coalesced into a cluster (C+D), respectively. For Fe-Pt-Cu system (Fig. 7(c) ), particles A and B coalesced into (A+B). These clusters looked like cocoons. Each of the two particles comprising a cocoon had different orientations, as can be clearly seen in particle (A+B) in Fig. 7(c  0 ) . Not all the particles coalesced: While particles A and B contacted each other, nearby particle C kept their positions unchanged (Fig. 7(c) ). (2) Phase transformation from A1 to L1 0 occurred at least partially. This was confirmed from the FFT filtered image of Fe-Pt clusters (A+B) and (C+D) (Fig. 6(c  0 ) , (c 00 )) and also Fe-Pt-Cu particle C (Fig. 7(c  00 ) ), where the intensities of the lattice fringes showed alternating strong and weak contrasts; these were indexed as (001) of L1 0 structure. (3) While (A+B) and (C+D) in Fig. 6 (c) and C in Fig. 7(c) had transformed almost completely into L1 0 , this is not the case for cluster (A+B) in Fig. 7(c  0 ) . In Fig. 7 (c 0 ), in the leftbottom corner of what had been particle B in the cocoon-like cluster (A+B), the lattice fringes showed alternating strong and weak contrasts, indicating this region's being L1 0 , while the lattice fringes in the rest did not show such alternating contrasts. Figures 8(a), (b) and (c) shows diffractograms obtained on regions D, E and F in Fig. 7(c  0 ) . In E (Fig. 8(b) ), 001 spots are clearly observed, while in D and F (Figs. 8(a) and (c)), 001 spots can not be detected. All these results indicate definitely that region E was L1 0 , while regions D and F were still A1. 
1) Coalesced clusters, which had assumed cocoon-shaped morphology in stage 3, now became completely round and the alternating strong and weak contrasts of L1 0 were dominating over the overall area of the particle. Same is true for the isolated particles. In other words, the phase transformation from A1 to L1 0 had completed. In addition, most of the particles, irrespective of coalesced clusters or isolated particles, became single crystalline, although some of them were twinned (Fig. 7(d) ). These processes investigated by in-situ HREM observation were in good agreement with phase diagram obtained from in-situ electron diffraction. Figure 9 summarizes schematically what happen on heating Fe-Pt and Fe-Pt-Cu particles, based on the results of insitu HREM observations. Both Fe-Pt and Fe-Pt-Cu particles behaved similarly in four stages. Fig. 9(a) )
Discussion
Stage 1 (
In stage 1, that is, in the as-prepared state, all the nanoparticles had a disordered fcc A1 structure. They were either polycrystals with large angle grain boundaries (LAGB's) (denoted by 1) or single crystals (3). Some particles were twinned (2). However, since the interfacial energy of a twin is much lower than the interfacial energy of LAGB, a twin-containing particle may be regarded as a pseudo-single crystal. The outer shape of these particles was rather irregular or facetted. Fig. 9(b) ) On heating to stage 2, polycrystals were reconstructed into single crystals, while keeping the structure of A1(1 0 ). It is not clear whether the pseudo-single crystalline twinned particles became single crystals or remained twinned (3 0 or 2 0 ). However, in view that the interfacial energy of a twin is much lower than that of LAGB, the twin most probably persisted during heat treatment. The outer shape became less irregular. Also, the projected area of the individual particles, on the plan view, was larger in stage 2 than in stage 1. This suggests that the contact areas between the particles and the substrate become larger, resulting in flatter particles. This in turn suggests that, in stage 1, the particles most likely contacted the carbon substrate only with small contact areas. Fig. 9(c) )
Stage 2 (
Stage 3 (
On further heating to stage 3 ( Fig. 9(c) ), some of the isolated particles coalesced into a larger cluster (4), while some remained isolated (5). The cluster thus formed had a cocoon-shaped morphology, each of the two grains comprising the cocoon having different orientations. Also, L1 0 structure is nucleated in both coalesced clusters (4) and isolated particles (5) . In the coalesced cluster (4), a grain boundary is newly formed between the two grains that had been separated before coalescence. There is no evidence for these newly formed grain boundary being preferred sites for nucleation of L1 0 phase. Therefore, it can be said that, while coalescence and phase transformation from A1 to L1 0 takes place almost simultaneously, there is no interaction between them. In other words, calescence and phase transformation are independent events. Fig. 9(d) )
Stage 4 (
Coalesced clusters became single crystals with the outer shape being round (4 0 ) or pseudo-single crystals with twins (5 0 ). All the clusters and particles are now transformed completely into L1 0 structure (4 0 and 5 0 ). Needless to say, all these processes described above involve atomic migration. It is also noted that A1 is a metastable phase and the equilibrium phase is L1 0 in the temperature range under consideration. In other words, once bulk diffusion starts, the phase transformation from A1 to L1 0 should start as well. This indicates that the transition from poly-crystal to single crystal, which occurred at the transition from stages 1 to 2 as well as coalescence, which occurred at the transition from stages 2 to 3, should not involve bulk diffusion, because these events occurred before phase transformation from A1 to L1 0 started.
The only possible explanations for this are as follows: From stage 1 to 2, polycrystals were reconstructed into single crystals. For this to take place without bulk diffusion, grain boundary diffusion and/or grain boundary rotation are to be invoked. Furthermore, in stage 2, particles which had had irregular shape in stage 1 now became round. This can be achieved by surface diffusion.
From stage 2 to stage 3, coalescence took place while keeping the A1 structure. For this to take place, diffusion along the interface between Fe-Pt(-Cu) nanoparticles and the substrate (in this case carbon film) must have been involved. In a later stage in stage 3, bulk diffusion started and the phase transformation from A1 to L1 0 took place eventually.
Sun et al. 12) measured the phase transformation temperature from A1 to L1 0 taking place in Fe-Pt particles by annealing 6 nm-Fe-Pt particles in situ in a TEM and determined T p to be 530 C. More importantly, according to Sun et al., the temperature at which coalescence of particles took place, T c , was 600 C on a carbon substrate, which was well above T p . In contrast, in the present study, both T p and T c are $680 C, with T c slightly lower than T p . Furthermore, Sun et al. also determined T c on a SiO 2 substrate to be 700 C. They also reported that the coalesced particles do not form a single crystal but contain twins and that the outer shape of the twinned particles was highly facetted. These results obtained by Sun et al. are in sharp contrast to the present results. In short, it appears that Fe-Pt particles prepared by Sun et al. were stickier to the substrate than those in the present ones. The reason for this discrepancy is not clear, although one possibility is that the different methods employed to prepare the nanoparticles may be responsible for this discrepancy.
All the temperatures where these transitions took place, that is, T s , T c and T p , were lowered by substitution of Pt by Cu. Two different mechanisms have been proposed to explain the effects of Cu addition. One 13) assumes simply that the atomic diffusivity is enhanced by Cu addition, enhancing the kinetics of the processes involved. The other 10) invokes that the free energy difference between A1 and L1 0 , ÁG, be larger for Fe-Pt-Cu than for Fe-Pt: Since ÁG is the driving force for the phase transformation from A1 to L1 0 , the phase transformation temperature from A1 to L1 0 may be lowered by substitution of Pt by Cu. However, this mechanism is of doubtful validity for the following reasoning.
(1) The reverse transformation temperature from L1 0 to A1 is lowered by substitution of Cu. This means that ÁG is lowered, instead of increased, by Cu substitution as well. (2) This mechanism cannot explain why T s and T c , both of which are unlikely controlled by bulk diffusion, are also to be lowered by change in ÁG due to Cu substitution.
Thus, it can be concluded that the enhanced atomic diffusion by Cu substation is responsible for the observed reduction in T s , T c and T p . Mechanisms to enhance diffusivity by Cu substitution are not clear.
Concluding Remarks
Behavior of individual nanoparticles of Fe-Pt and Fe-PtCu with chemical homogeneity and mono-dispersion, which were synthesized by the reverse micelle method, has been investigated by an in-situ electron diffraction and in-situ HREM observation in a temperature range between room temperature and 1000 C. The as-prepared particles, which had a metastable A1 at room temperature, were eventually transformed into the equilibrium phase of ordered L1 0 . The processes were divided into four stages. In stage 1, the nanoparticles had metastable A1 structure, some of which contained twin boundaries inside. In stage 2 all the nanoparticles became single crystals while keeping the structure of A1. In stage 3, coalescence of isolated particles took place while keeping A1 structure, followed by initiation of phase transformation from A1 to L1 0 . In stage 4 the overall particles were transformed into L1 0 . The temperatures at which these phenomena take place were lowered substantially by substitution of Pt by Cu. From closed observation of behavior of individual particles it was concluded that Pt substitution by Cu enhances the atomic diffusivity, thereby enhancing kinetics of these phenomena.
